Introduction
============

When the energy gap between short- and long-wavelength bands becomes sufficiently large, a slow internal conversion process between upper-excited states (S~*n*~, *n* \> 1) and S~1~ excited states is expected.[@cit1]--[@cit6] In this case, some molecules display weak emission from the S~*n*~ state to the S~0~ state. Contrary to Kasha\'s rule, molecules that emit S~*n*~ fluorescence are rare but are particularly promising in photovoltaic cells and optically operated logic gates.[@cit7] Furthermore, investigating the photophysical properties in the S~*n*~ states is very important and challenging because many energy and electron transfer processes occur in the initial S~*n*~ states, and the deactivation process from the S~*n*~ states is relatively rapid. Several types of organic molecules including porphyrin-based systems,[@cit1]--[@cit5] boron dipyrromethene derivatives,[@cit6] azulene,[@cit8] and thiones[@cit9] have received much attention because of their peculiar S~2~ emission properties. Although some papers report general fluorescence emission from S~*n*~ states,[@cit1]--[@cit6] circularly polarized luminescence (CPL) from S~*n*~ states has not yet been developed. Interest in CPL has grown in recent years, especially because of its utilization as a source of information about the chiral structures of emitting excited states, as well as its potential for smart photonic applications such as 3D displays and information storage.[@cit10]--[@cit15] In particular, the development of CPL from S~*n*~ states may increase the number of potential applications of chiral materials. Despite their promising application background, such organic molecules are still scarce and are practically unknown. There are two effective ways to achieve molecular chirality. One way is to tether a perturbing chiral moiety to an inherently achiral organic chromophore.[@cit14] The other way is to fabricate achiral organic molecules into chiral building blocks, such as double helices, twists, and rolled-up nanotubes.[@cit16] Although the first way is less efficient relative to the second, it is more useful for some special CPL-related applications, *e.g.*, biomolecular CPL sensing in cells and smart photonic devices. If the achiral molecules with emission from upper-excited states are perturbed with chiral moieties, CPL from the upper-excited states should be achieved.

It should be noted that the dynamic processes of these organic molecules are affected by not only the energy gap but also intersystem crossing (ISC), which is a key factor for the application of photodynamic therapy (PDT).[@cit17]--[@cit19] Although the fluorescence emission from S~*n*~ states and the ISC properties of simple molecules have been studied separately, the combination of CPL from S~*n*~ states and efficient ISC into these states remains absent in the literature. Therefore, the design and synthesis of such special, simple molecules may open up new avenues for their use in various applications, such as in photovoltaics and biological science, as well as in new fields that are currently under exploration. There are also two ways to achieve efficient ISC in organic molecules. One way is to introduce heavy metals to enhance molecular spin--orbit coupling; the other way is to reduce the energy gap between the singlet and triplet states.[@cit20] The latter can be realized through the incorporation of curved (nonplanar) π-electron systems into the organic molecules.[@cit21]--[@cit24] Hence, the combination of CPL from S~*n*~ states and efficient ISC from the singlet to the triplet states may be achieved in twisted molecular architectures that are perturbed with chiral moieties and have a sufficiently large energy gap between the S~*n*~ and S~1~ states.

In this work, we have designed and synthesized the enantiomeric twisted tetrazine derivatives 1-*R*, 1-*S*, 2-*R* and 2-*S* as evidence of the workability of a new simple structural design. (*R* or *S*)-1-Phenylethyl-amine and (*R* or *S*)-2-aminohexane were tethered to the achiral tetrazine core to form new chiral tetrazine derivatives 1-*R*, 1-*S*, 2-*R* and 2-*S*, respectively. Additionally, the derivatives exhibit a large energy gap between the S~*n*~ and S~1~ states. More interestingly, the water-soluble, simple organic molecules represent the first example of chiral molecules enabling CPL from S~*n*~ states, which can be exploited to generate exceptional ISC in PDT.

Results and discussion
======================

Tetrazine derivatives 1-*R*, 1-*S*, 2-*R* and 2-*S* were straightforwardly obtained from a commercially available 3,6-dichlorotetrazine core, by substitution with commercial (*R* or *S*)-1-phenylethylamine and (*R* or *S*)-2-aminohexane, respectively, according to a previously described method ([Scheme 1](#sch1){ref-type="fig"}).[@cit25],[@cit26] Compounds **1** and **2** were characterized by ^1^H NMR and ^13^C NMR spectroscopy, and elemental analysis (Fig. S1--S4 in the ESI[†](#fn1){ref-type="fn"}). The obtained samples of **1** and **2** were not solid powders but liquids with high viscosity, so a single crystal of the derivatives cannot be easily obtained to confirm their absolute configurations. Previous literature reports have proven that the use of (*R* or *S*)-1-phenylethylamine and (*R* or *S*)-2-aminohexane as starting materials for similar transformations will not alter the absolute configuration of the resultant derivatives.[@cit27]--[@cit30] Therefore, the absolute configuration of chiral centres of the derivatives should be consistent with (*R* or *S*)-1-phenylethylamine and (*R* or *S*)-2-aminohexane, even though no single crystal X-ray analysis is provided. Compounds **1** and **2** can be dissolved easily in chloroform (CHCl~3~) and water.

![Synthesis routine of water-soluble chiral tetrazine derivatives.](c9sc00264b-s1){#sch1}

To investigate the electronic structures of the tetrazine derivatives **1** and **2**, their photophysical properties were investigated. As shown in [Fig. 1a and b](#fig1){ref-type="fig"}, both **1** and **2** display sharp absorption bands that correspond to S~0~--S~*n*~ centred at 250 and 252 nm. The second broad bands (S~0~--S~2~) show vibronic features with maxima at 391 and 413 nm for **1**, and 397 and 417 nm for **2**. Additionally, the third broad absorption band (S~0~--S~1~) was observed for **1** and **2** peaking at 520 and 521 nm, respectively. The experimental absorption spectra can be reproduced well using time-dependent density functional theory (TDDFT B3LYP 631G\*\*, Fig. S5[†](#fn1){ref-type="fn"}), and the relevant transitions can be further confirmed by the calculation of their oscillation strengths (Table S1[†](#fn1){ref-type="fn"}). The lowest energy singlet excited states were calculated to elucidate the nature of the electronic transitions that give rise to the absorption bands in the electronic spectra ([Fig. 1](#fig1){ref-type="fig"}). For chromophores **1** and **2**, TD-DFT predicts that the S~0~ → S~1~ and S~0~ → S~2~ bands are a HOMO → LUMO and a HOMO--1 → LUMO transition, respectively, whereas the S~0~ → S~*n*~ band corresponds to a HOMO--1 → LUMO+1 transition (Fig. S6[†](#fn1){ref-type="fn"}).

![Comparison of absorption and fluorescence spectra of (a) **1** and (b) **2** in CHCl~3~ under excitation by different wavelengths.](c9sc00264b-f1){#fig1}

Fluorescence studies performed on **1** and **2** revealed that the S~1~ → S~0~ emission peaks were located at 565 and 564 nm, respectively, starting with a 521 nm excitation from the lowest energy S~0~ → S~1~ band ([Fig. 1](#fig1){ref-type="fig"}). Importantly, for chromophore **1**, one dominant emission band other than the broad S~1~ → S~0~ emission appeared, with three maxima at 433, 469 and 495 nm, starting with a 395 nm excitation that corresponds to the S~0~ → S~2~ transition. This broad emission band for **1** was consistent in energy with an S~2~ → S~0~ emission. Chromophore **2** displays the S~2~ → S~0~ broad emission band with three maxima at 434, 468 and 496 nm. More interestingly, after a 250 nm excitation corresponding to the S~0~ → S~*n*~ transition, another broad emission band was observed for both **1** and **2**. The broad emission band for **1** with a maximum at 345 nm correlates in energy with a radiative S~*n*~ → S~0~ deactivation, whereas the S~*n*~ → S~0~ broad emission band with a maximum at 311 nm was observed for chromophore **2**. To the best of our knowledge, this is the first observed S~*n*~ → S~0~ (*n* \> 2) emission. According to Kasha\'s rule, the emitting electronic level of a molecule is usually its lowest excited level. However, in the case of a large energy gap between the S~*n*~ (*n* \> 1) and S~1~ states, which corresponds to their small S~*n*~--S~1~ vibrational overlap (Franck--Condon) factor, the nonradiative decay from the S~*n*~ state will be much slower. The fact that compounds **1** and **2** violate Kasha\'s rule can be attributed to the large S~2~--S~1~ and S~*n*~--S~1~ energy gaps. The energy gap values for S~2~--S~1~ (1.84 eV) and S~*n*~--S~1~ (2.58 eV) were estimated for **1**, which are comparable to the corresponding values of **2**, *i.e.*, S~2~--S~1~ (1.91 eV) and S~*n*~--S~1~ (2.57 eV). These values are among the largest for molecules that emit from the S~*n*~ (*n* \> 1) level.[@cit1]--[@cit6] It is reasonable that the large S~2~--S~1~ and S~*n*~--S~1~ energy gaps of **1** and **2** lead to the violation of Kasha\'s rule, and thus to the emission from the S~2~ and S~*n*~ levels. The fluorescence quantum yields of the S~1~, S~2~ and S~*n*~ emissions were determined to be 0.013%, 0.04% and 4.5 × 10^--5^% for **1**, while the respective values were 0.025%, 0.08% and 6.4 × 10^--5^% for **2**. The low fluorescence quantum yields of **1** and **2** should be mainly caused by the rapid deactivation process from the S~*n*~ states and high efficiency ISC from the singlet state to the triplet state, which will be discussed later.

To evaluate the chiroptical properties of the tetrazine derivatives, we measured their CD spectra. The entire CD spectra of 1-*R*, 1-*S*, 2-*R* and 2-*S* give clear mirror images, which extend from the extreme ultraviolet to visible bands ([Fig. 2](#fig2){ref-type="fig"}). The enantiopure 1-*R* and 1-*S* show opposite Cotton effects at 250 and 400 nm. Moreover, the maximum dichroic signals of the CD spectra match the maximum absorption of the chromophores. The maximum level of CD measured in terms of \|*g*~abs~\| was 3.2 × 10^--3^ at 290 nm, 4.1 × 10^--4^ at 400 nm and 4.8 × 10^--5^ at 520 nm for **1**, whereas the relevant values for **2** were 1.6 × 10^--3^ at 290 nm, 2.5 × 10^--4^ at 400 nm and 2.8 × 10^--5^ at 520 nm. These values were determined by the equation *g*~abs~ = Δ*ε*/*ε* = (*A*~L~ -- *A*~R~)/*A*, where *A* represents the conventional absorption of nonpolarized light and *A*~L~ and *A*~R~ are the absorption of left and right circularly polarized light, respectively.[@cit31],[@cit32] Moreover, the simulated CD spectra of compounds **1** and **2** were compared with their experimental spectra and they basically reproduced the experimental features, especially in the high-energy part.

![Comparison of absorption for experimental and theoretically calculated CD spectra of **1** and **2**.](c9sc00264b-f2){#fig2}

The strong CD response of **1** and **2** in their ground states makes their CPL possible. Considering the limit of the excitation wavelength of our CPL instrument (350--800 nm), we only measured the CPL properties of enantiopure **1** and **2** in CHCl~3~ excited at 395 and 520 nm ([Fig. 3](#fig3){ref-type="fig"}). As expected, upon excitation at 520 nm, **1** and **2** indeed exhibited CPL activities from the S~1~ state, whereas CPL from the S~2~ state was observed after excitation at 395 nm. The recorded CPL spectra are virtually mirror images, whose maxima match the maximum emissions of **1** and **2**. The dissymmetric factor for luminescence, \|*g*~lum~\|, which is defined as *g*~lum~ = 2(*I*~L~ -- *I*~R~)/(*I*~L~ + *I*~R~), where *I*~L~ and *I*~R~ are the intensities of left and right fluorescence emission,[@cit31],[@cit32] was estimated to be 7.9 × 10^--4^ for **1** and 4.5 × 10^--4^ for **2** when excited at 395 nm. When excited at 520 nm, the values of \|*g*~lum~\| were determined to be 7.2 × 10^--5^ for **1** and 4.9 × 10^--5^ for **2**. Although the values of \|*g*~lum~\| are relatively small, they prove, for the first time, the feasibility of achieving CPL with simple molecules, especially from the S~*n*~ state. Although we have not measured the CPL spectra of **1** and **2** upon excitation at 250 nm, it is highly expected that CPL activities from S~*n*~ can be achieved, considering their strong CD signals that correspond to the S~0~--S~*n*~ transition.

![Comparison of absorption and CPL spectra of (a) **1** and (b) **2** under excitation by different wavelengths.](c9sc00264b-f3){#fig3}

To unravel the kinetics of the ISC, the chromophores 1-*R* and 2-*R* in CHCl~3~ were excited at 400 nm with a 100 fs laser pulse. Full contour plots of fs-TA spectra of 1-*R* and 2-*R* are shown in [Fig. 4a and b](#fig4){ref-type="fig"}, respectively. Fs-TA spectra of 1-*R* and 2-*R* at various pump--probe delay times are plotted in [Fig. 4c and d](#fig4){ref-type="fig"}. Chromophore 1-*R* exhibits positive absorption peaks centred at 381, 447, 490, 546 and 607 nm, whereas positive absorption peaks centred at 385, 457, 488, 546 and 610 nm are observed for 2-*R*. Remarkably, for 1-*R* (2-*R*), accompanied by the decay of the band at 607 nm (610 nm), another positive band peak at 490 nm (488 nm) gradually appears. Positive absorption centred at 607 nm (610 nm) corresponds to singlet--singlet transitions, whereas the positive absorption band at 490 nm (488 nm) is ascribed to the triplet--triplet transition. For more underlying information, the fs-TA profiles and kinetic traces at the wavelengths of the singlet and triplet states were extracted and are presented in [Fig. 4e and f](#fig4){ref-type="fig"}. For chromophore 1-*R*, the corresponding global fitting on the 607 and 490 nm traces resulted in one decay component of 229 ps and one rise component of 266 ps. Similarly, a decay lifetime of 141 ps and rise time of 175 ps were estimated for 2-*R*. Accordingly, the efficiency of ISC (*Φ*~ISC~) was estimated to be *Φ*~ISC~ = (1/*τ*~rise~)/(1/*τ*~decay~) = 0.86 for 1-*R* and 0.81 for 2-*R*.[@cit33],[@cit34] The efficiencies of ISC in 1-*R* and 2-*R* are among the highest values for organic molecules.[@cit35]--[@cit38] From the energy-optimized structures of 1-*R* and 2-*R* calculated using DFT at the B3LYP/3-21G(d) level, it is apparent that chromophores 1-*R* and 2-*R* exhibit severe out-of-plane distortion that can lead to the breakdown of the σ--π orbital separation, and thus enhance the spin--orbital coupling that is necessary for a highly efficient ISC (inset of Fig. S5[†](#fn1){ref-type="fn"}).[@cit39]--[@cit42] To confirm this, the spin--orbital couplings (*ξ*~S1T1~) of **1** and **2** were calculated to be 0.86 cm^--1^ and 0.47 cm^--1^, respectively (Fig. S7[†](#fn1){ref-type="fn"}). These results also account for the low fluorescence quantum yield, proving the generation of the triplet state through a highly efficient ISC pathway.

![(a) Full contour plots of fs-TA spectra of 1-*R* (a) and 2-*R* (b) in CHCl~3~ under excitation by 400 nm light. The most prominent singlet (dash) and triplet (dot-dash) excited state absorption features are outlined for clarity. The black band at ∼400 nm originated from the strong pump laser. The Fs-TA spectra of 1-*R* (c) and 2-*R* (d) in CHCl~3~ at various pump-probe delay times. Kinetic traces and fitting lines of 1-*R* (e) and 2-*R* (f) taken from the singlet and triplet absorption spectra.](c9sc00264b-f4){#fig4}

Low-temperature emission properties of 1-*R* and 2-*R* were studied to obtain their singlet and triplet energy gaps (*Δ*~EST~). As shown in Fig. S8,[†](#fn1){ref-type="fn"} through the comparison of the fluorescence and phosphorescence bands, equivalent values of *Δ*~EST~ for 1-*R* and 2-*R* were estimated, *i.e.*, 0.42 eV for both 1-*R* and 2-*R*. Such a low value of *Δ*~EST~ is quite favourable for the singlet-to-triplet ISC process with high efficiency.[@cit43] Comparisons between 1-*R* and 2-*R* suggest that the substituents can slightly influence their ISC properties. The 1-phenylethylamine group can boost the efficient ISC pathway with the aid of a great *ξ*~ST~, where the spin--orbit interaction mixes two states that differ in both spin and electronic configurations. The aforementioned results clearly prove a highly efficient ISC process and the consequential singlet oxygen generation for 1-*R* and 2-*R* upon direct optical excitation. We also measured the actual efficiencies of ^1^O~2~ generation (*Φ*~Δ~) for chromophores **1** and **2** in water by using the commercial photosensitizer 5,10,15,20-tetrakis(1-methyl-4-pyridinio)porphyrin tetra(*p*-toluenesulfonate) (TMPyP~4~) as a standard (*Φ*~r~ = 0.74 in water), and the measurement details are described in the ESI.[†](#fn1){ref-type="fn"} [@cit19],[@cit44] Values of *Φ*~Δ~ = 0.73 and 0.69 were obtained for 1-*R* and 2-*R*, respectively, after 400 nm light irradiation.

It has been reported that most organic molecules exhibit low *Φ*~Δ~ in solvents with high polarity and are even insoluble in water.[@cit45]--[@cit48] The good solubilities of **1** and **2**, as well as their high *Φ*~Δ~ values in water, indicate that they are promising candidates for use in PDT. Considering the higher value of *Φ*~Δ~ for 1-*R*, we selected it as the photosensitizer to demonstrate the proof-of-concept for PDT application. The specific cellular target of 1-*R* was further confirmed by colocalization assays. The excellent overlap between 1-*R* and commercial lysosome Tracker Red (Lyso) suggests that 1-*R* localises in the lysosome ([Fig. 5a](#fig5){ref-type="fig"}). Given the key role of reactive oxygen species (ROS, *e.g.*, ^1^O~2~) in PDT, we first verified the ability of 1-*R* to generate intracellular ROS by determining the fluorescence of an ROS tracker, 2,7-dichlorofluorescein diacetate (DCF-DA), which was based on the fact that nonfluorescent DCF-DA can be oxidized by ROS into green-emissive DCF.[@cit49] No obvious fluorescence was observed prior to irradiation ([Fig. 5b](#fig5){ref-type="fig"}), whereas significantly enhanced fluorescence occurred along with the increasing irradiation time under a white light emitting diode, demonstrating the intracellular ROS generation by 1-*R*. By employing a calcein AM (living cell) and propidium iodide (PI, dead cell) cellular viability kit, we can distinguish the dead cells from the living cells and visually clarify the PDT effect ([Fig. 5c](#fig5){ref-type="fig"}).[@cit50] Upon either light irradiation or 1-*R* exposure alone, most of the cells showed great cellular viability, which demonstrated the resistance of cells to light irradiation and the low dark-cytotoxicity of 1-*R*. With both light irradiation and 1-*R* exposure, the significantly changed morphology of cells and red fluorescence confirmed the excellent therapeutic effects of 1-*R*. Then, we conducted a typical flow cytometric assay with HeLa cells to quantitatively evaluate the PDT effect ([Fig. 5d](#fig5){ref-type="fig"}). After treatment with either light irradiation or 1-*R* alone, the HeLa cells exhibited cell viability of \>88% (Annexin V-FITC^--^/PI^--^), again indicating their high resistance to light irradiation and the low dark-cytotoxicity of 1-*R*. However, upon exposure to light irradiation and 1-*R*, the population of early- (39%, Annexin V-FITC^+^/PI^--^) and late-stage (60%, Annexin V-FITC^+^/PI^+^) apoptotic HeLa cells significantly increased, which was induced by the highly efficient PDT effect of 1-*R*. Moreover, the efficient PDT effect of 1-*R* can be further revealed by the MTT assay ([Fig. 5e](#fig5){ref-type="fig"}). It can be concluded that 1-*R* is a promising candidate with potential for application in PDT.

![(a) Colocalization fluorescence images of 1-*R*- and lysosome-tracker (Lyso)-incubated HeLa cells. (b) Images of intracellular ROS generation in 1-*R*-incubated HeLa cells (20 μM) at different irradiation times. (c) Cellular viability assay for HeLa cells incubated with 1-*R* (20 μM). Live cells were labeled with green coloration, whereas dead cells were labeled with red coloration. (d) Flow cytometric assay for studying the PDT effect of 1-*R*. Annexin V-FITC^--^/PI^--^ and Annexin V-FITC^+^/PI^--^ represent viable and early-stage apoptotic cells, respectively. Annexin V-FITC^+^/PI^+^ indicates later-stage apoptotic or necrotic cells. (e) Cell viability of 1-*R*-incubated HeLa cells with and without light irradiation.](c9sc00264b-f5){#fig5}

Conclusions
===========

In conclusion, we designed and synthesized chiral and water-soluble tetrazine derivatives **1** and **2**. We observed unusual CPL from the S~2~ states, which violates Kasha\'s rule and results from the large values of the energy gaps between the S~0~ and S~2~ states. Although the *g*~lum~ values are in the typical range for simple molecules, the achievement of CPL from upper-excited states is reported for the first time. We also noted that the studied compounds with severely distorted molecular geometries exhibit remarkable ISC and efficient ^1^O~2~ generation. Finally, we demonstrated a proof-of-concept application of 1-*R* for PDT. The present work may lead to a new generation of simple molecules with overall performance superior to that of conventional agents in terms of CPL from upper-excited states, ^1^O~2~ quantum yield, water dispersibility, and biocompatibility.

Experimental
============

Steady-state spectroscopy
-------------------------

The UV-visible absorption measurements were carried out using a UV-vis-NIR spectrophotometer (Lambda 950, PerkinElmer, Inc.), while the fluorescence spectra were collected with a spectrometer (Zolix, SENS-9000). CD measurements were conducted on a JASCO J-1500 CD spectrometer, and CPL measurements were performed on a JASCO CPL-300 spectrometer.

Measurements of the fs-TA spectrum
----------------------------------

The fs-TA spectra and dynamics were recorded using a standard pump--probe configuration at 350 nm, ∼100 fs pump pulses at a 1 kHz repetition rate and a broadband white-light supercontinuum probe (18SI80466 Rev.1, Newport). The excited spot diameter was 300 μm, and the measured quantity was the normalized transmission change, *i.e.*, Δ*A*/*A*, which was performed on sample solutions with an optical density below 1 at the excitation wavelength.

Photodynamic therapy activity on cancer cells
---------------------------------------------

The experimental details are described in the ESI.[†](#fn1){ref-type="fn"}
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